Sequence conservation among mammalian poly(A) sites is limited to the sequence AAUAAA, coupled with an amorphous downstream U-or GU-rich region. Since these sequences may also occur within the coding region of mRNAs, additional information must be required to define authentic poly(A) sites. Several poly(A) sites have been shown to contain sequences outside the core elements that enhance the efficiency of 3 processing in vivo and in vitro. The human immunodeficiency virus type 1, equine infectious anemia virus, and adenovirus L1 3 processing enhancers have been shown to promote the binding of cleavage and polyadenylation specificity factor (CPSF), the factor responsible for recognition of AAUAAA, to the pre-mRNA, thereby facilitating the assembly of a stable 3 processing complex. We have used in vitro selection to examine the mechanism by which the human immunodeficiency virus type 1 3 processing enhancer promotes the interaction of CPSF with the AAUAAA hexamer. Surprisingly, RNAs selected for efficient polyadenylation were related by structure rather than sequence. Therefore, in the absence of extensive sequence conservation, our results strongly suggest that RNA structure is a critical determinant of poly(A) site recognition by CPSF and may play a key role in poly(A) site definition.
The machinery responsible for catalyzing pre-mRNA splicing and 3Ј end formation must be capable of properly selecting authentic processing sites from among the multitude of sites within the pre-mRNA that match the respective consensus sequence elements. The pre-mRNA splicing apparatus is not only faced with the obstacle of correctly identifying splice sites but must conquer the daunting task of pairing the correct 5Ј and 3Ј splice sites (for a review, see reference 5). The splicing machinery exploits a network of small nuclear ribonucleoprotein particle (RNP)-mediated RNA-RNA, RNA-protein, and protein-protein interactions to define authentic splice sites. In contrast, the 3Ј processing machinery must rely strictly on RNA-protein and protein-protein interactions for poly(A) site recognition. Given the limited sequence conservation among 3Ј processing sites, the ability of the 3Ј processing machinery to distinguish authentic poly(A) sites from similar sequences elsewhere in the message presents an intriguing dilemma.
The mature 3Ј ends of nearly all mammalian mRNAs are generated by endonucleolytic cleavage and polyadenylation. This coupled reaction requires two RNA sequence elements that compose a core poly(A) site: a conserved AAUAAA hexamer 10 to 30 nucleotides (nt) upstream of the cleavage site and a highly variable U-or G/U-rich element downstream of the cleavage site (for a review, see reference 21). The multisubunit cleavage and polyadenylation specificity factor (CPSF) (4, 32) is responsible for recognition of the AAUAAA hexamer (2, 22) and directs the binding of cleavage stimulation factor (CstF) (38) to the downstream element, resulting in the formation of a stable ternary complex (16, 30, 47) . Endonucleolytic cleavage of the pre-mRNA requires the recruitment of cleavage factors I m and II m (36, 39) , and, in most cases, poly(A) polymerase (PAP) (9, 16, 39) into the 3Ј processing complex. Following cleavage, CPSF directs the addition of adenylate residues to the 5Ј cleavage product by PAP. Poly(A) binding protein II enhances the processivity of the reaction and confers poly(A) tail length control (3, 45) . In vitro, however, CPSF and PAP are sufficient for specific poly(A) addition (4, 32) .
Although it is necessary, it is unlikely that the core poly(A) site alone is entirely sufficient to direct 3Ј processing in vivo. Given the prevalence of the AAUAAA hexamer (11) , along with the highly variable nature of the downstream element, it appears likely that additional information is required for the definition of authentic poly(A) sites. Splicing may participate in poly(A) site definition by restricting 3Ј processing to exon sequences (1, 26) . An interplay between the splicing and 3Ј processing machinery may in fact serve to activate poly(A) sites within exons (33, 34) and may influence the selection of alternative poly(A) sites (27, 35) . To this end, spliceosomal proteins have been shown to have an effect on the efficiency of 3Ј processing in vitro (6, 19, (27) (28) (29) . Sequences that reside outside the core poly(A) site have been shown to enhance the efficiency of 3Ј processing in vivo and in vitro (for a review, see reference 46 ; also see references 15, 18, 27, and 31) . With the exception of the CGRP intron enhancer recently described by Lou et al. (27) , 3Ј processing enhancers are generally U rich and function in a distance-dependent manner. The upstream 3Ј processing enhancers of human immunodeficiency virus type 1 (HIV-1) (14) and equine infectious anemia virus (18) , as well as sequences flanking the adenovirus L1 (15) poly(A) site, have been shown to promote the binding of CPSF to the premRNA. Moreover, a direct interaction of CPSF with the HIV-1 3Ј processing enhancer has been demonstrated by UV cross-linking (14) .
The diversity of poly(A) sites that possess 3Ј processing enhancers suggests that they are a key component of authentic poly(A) sites. Therefore, an understanding of the sequences of 3Ј processing enhancers required for optimal poly(A) site recognition by CPSF would provide an insight into the mechanism and treated with heparin (5 mg/ml) at 0ЊC. The reactions were electrophoresed on nondenaturing 3% (80:1) polyacrylamide gels at 4ЊC for 1.5 h at 300 V.
Polyadenylation assays. Polyadenylation reaction mixtures containing 10 fmol of CPSF, 300 fmol of rPAP, 0.5 g of tRNA, 0.12% Nonidet P-40, 30 mM Tris (pH 7.8), 0.12 mM EDTA, 62 mM KCl, 6.2% glycerol, 1 mM MgCl 2 , 0.7 mM ATP, and 20 fmol of 32 P-labeled RNA were assembled on ice. A 5-l aliquot was removed, expelled into 200 l of RNA elution buffer (300 mM sodium acetate [pH 6.1], 0.2% SDS, 1 mM EDTA) to stop the reaction, and designated the time zero sample. The remainder of the reaction was incubated at 30ЊC and 5-l aliquots were removed at 2.5, 5, and 10 min and treated as described above. The samples were sequentially extracted with phenol and phenol-chloroform-isoamyl alcohol and precipitated with ethanol. The reaction products were electrophoresed on 5% (19:1) polyacrylamide-7 M urea gels.
RNase probing. Six picomoles of each RNA was 3Ј end labeled with [ 32 P]pCp and RNA ligase (Pharmacia) as previously described (13) and gel purified prior to use. A total of 15,000 cpm of each RNA was incubated in a 10-l reaction mixture containing 45 mM Tris (pH 7.8), 0.2 mM EDTA, 90 mM KCl, 1 mM MgCl 2 , 0.5 g of tRNA, and 9% glycerol for 5 min at 30ЊC, which was followed by a 2-min incubation on ice. The reaction mixtures were incubated for 10 min at 30ЊC after the addition of 0.1 U of RNase T 1 (Pharmacia) or 10 pg of RNase A (Sigma). The reactions were stopped by the addition of 200 l of RNA elution buffer containing 100 g of glycogen (Boehringer Mannheim) per ml. The reactions were extracted with phenol-chloroform-isoamyl alcohol and were ethanol precipitated. Alkaline ladders were produced for a marker as previously described (13) . The RNAs were electrophoresed on 10% (19:1) polyacrylamide-7 M urea gels.
Electrophoretic analysis of RNA. Reaction mixtures containing 20 fmol of each RNA, 1% polyvinyl alcohol, 40 mM Tris (pH 7.8), 0.16 mM EDTA, 80 mM KCl, and 8% glycerol were incubated at 94ЊC for 2 min, in the presence or absence of 1 mM MgCl 2 , and then incubated for 5 min on ice. The reaction mixtures were electrophoresed on nondenaturing 3% (80:1) polyacrylamide gels at 4ЊC for 1.5 h at 300 V. Additionally, the size of each RNA was confirmed by electrophoresis on denaturing 5% (19:1) polyacrylamide-7 M urea gels.
Selection of RNA conformers. To select for RNAs that displayed electrophoretic properties similar to those of the selected RNAs, 75 fmol of the RNA pool containing the randomized N 12 upstream element was fractionated on a nondenaturing 8% (29:1) polyacrylamide gel at 4ЊC for 2 h at 350 V. The RNA was visualized by autoradiography, and 1-to 2-mm bands containing RNA displaying the fastest and slowest migration were individually excised, eluted, and designated, respectively, fast and slow. Each RNA was reverse transcribed and PCR amplified as described for the functional in vitro selection to create PCR product pools encoding fast-migrating and slowly migrating RNA species.
RESULTS
Analysis of variant 3 processing enhancers. The HIV-1 3Ј processing enhancer functions to stimulate the efficiency of endonucleolytic cleavage and polyadenylation of the premRNA in vivo and in vitro (13, 42, 43) . A linker substitution mutation (NXS 9571-9588 [43] ; referred to here as ⌬use) within the HIV-1 3Ј processing enhancer reduced cleavage and polyadenylation both in vivo and in vitro (13, 14, 42, 43) . The effect of these sequences was reflected in the stability of the 3Ј processing complexes formed in nuclear extract (13) . Further analysis revealed that the HIV-1 3Ј processing enhancer stabilized the initial binding of CPSF to the RNA, thereby promoting the subsequent assembly of a stable 3Ј processing complex (14) . In addition, UV cross-linking assays indicated a direct interaction of the CPSF 160-kDa subunit with the upstream sequences (14) . Therefore, sequences upstream of the AAU AAA hexamer have a significant impact on the binding of CPSF.
To understand how poly(A) sites are defined, we wished to investigate the determinants of AAUAAA recognition by CPSF. To this end, we chose to examine the impact of sequence changes within the HIV-1 3Ј processing enhancer on the polyadenylation efficiency of a precleaved RNA in vitro. The use of a precleaved RNA allows for the CPSF-RNA interaction to be analyzed in detail by using an in vitro system consisting of three purified components: the precleaved RNA, CPSF, and rPAP. Thus, polyadenylation constitutes a functional assay for CPSF-RNA interactions. Clearly, the details of the CPSF-RNA interaction within the context of the entire pre-mRNA in vivo will be considerably more complex. The VOL. 16, 1996 POLY(A) SITE RECOGNITION 4943
on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ interaction of additional 3Ј processing factors along with heterogeneous nuclear RNP and spliceosomal proteins will certainly have an impact on the interaction of CPSF with the pre-mRNA. However, we believe that the simplified system we have developed provides an insight into the principles governing the initial interaction of CPSF with the pre-mRNA. A set of precleaved RNAs in which the HIV-1 3Ј processing enhancer was replaced with various sequences was constructed. These RNAs were precisely colinear with the precleaved HIV-1 poly(A) site depicted in Fig. 1A , with the exception of the sequences from C 27 through U 38 . The AAU AAA hexamer resides 19 nt upstream of the 3Ј end of the RNA which terminates at the natural HIV-1 cleavage site. The nucleotides from G 42 through C 100 encompass the TAR RNA structure that serves as the binding site for the virally encoded Tat protein and that is also required for the juxtaposition of the HIV-1 3Ј processing enhancer to the core poly(A) site (13) .
We have previously demonstrated that CPSF binding was dramatically reduced by the ⌬use mutation (14) . To construct RNAs containing variant upstream sequences, we concentrated on 12 of the 17 nt of the 3Ј processing enhancer (C 27 through U 38 ), since the majority of the differences between the wild-type HIV-1 enhancer and ⌬use mutation are contained within these 12 nt. Furthermore, changing only these 12 nt was sufficient to reduce CPSF binding and in vitro poly(A) addition to the level of ⌬use (data not shown). We first generated three RNA pools in which 12 nt of the enhancer were replaced with either random sequence (N 12 ), purines (R 12 ), or pyrimidines (Y 12 ). To determine the effects of these sequence substitutions, we examined the ability of each RNA to serve as a substrate for poly(A) addition. Each 32 P-labeled precleaved RNA was incubated with purified human CPSF and recombinant bovine PAP in the presence of Mg 2ϩ and ATP. PAP was present in excess concentrations to ensure that all productive CPSF-RNA interactions resulted in a polyadenylation event. Aliquots were removed from the reaction mixtures at 0, 2.5, 5, and 10 min, and the reaction products were analyzed by denaturing gel electrophoresis. In agreement with previous observations, polyadenylation of the ⌬use RNA was barely detectable, whereas the wild-type use RNA was efficiently polyadenylated (Fig. 1B , lanes 1 to 8). An analysis of the RNAs containing the variant upstream sequences revealed that the RNAs containing 12 purines within the upstream sequence were poor substrates for polyadenylation (Fig. 1B, lanes 13 to 16) . In contrast, the RNAs containing 12 pyrimidines within the upstream sequence were efficiently polyadenylated (Fig. 1B, lanes 17 to 20) . Interestingly, the RNA pool in which the upstream sequence was randomized with all 4 nt was polyadenylated at a low but detectable level (Fig. 1B, lanes 9 to 12) .
The efficient polyadenylation of the RNA pool containing a polypyrimidine sequence in place of the enhancer was consistent with the previously observed U-rich nature of 3Ј processing enhancers (for a review, see reference 46). Two additional RNAs containing either 12 uridines or 12 cytidines in place of the enhancer were, therefore, constructed. The polyadenylation efficiency of each of these RNAs (Fig. 1B , lanes 21 to 28) was comparable to that observed for the pyrimidine upstream sequence pool. 32 P-labeled precleaved RNAs containing various substitutions of the HIV-1 3Ј processing enhancer (positions C 27 to U 38 ) were incubated with purified CPSF and rPAP under polyadenylation conditions. Aliquots were removed at the times indicated, and the reaction products were separated on a denaturing 5% polyacrylamide gel. (C) Polyadenylation efficiency reflected in CPSF binding. Each 32 P-labeled RNA was incubated with purified human CPSF for 10 min at 30ЊC. The reaction mixtures were then treated with heparin to 5 mg/ml at 0ЊC and separated on a nondenaturing 3% polyacrylamide gel.
4944
GRAVELEY ET AL. MOL. CELL. BIOL.
To determine if the observed polyadenylation efficiencies were in fact a reflection of the extent of CPSF binding, these RNAs were evaluated by a gel mobility shift assay. Each 32 Plabeled RNA was incubated with purified human CPSF for 10 min at 30ЊC, treated with heparin, and electrophoresed on a native 3% polyacrylamide gel. The efficiency of polyadenylation of each RNA correlated directly with the extent of CPSF binding (Fig. 1C) . In agreement with previous observations, CPSF binding to the ⌬use RNA was nearly undetectable, whereas CPSF readily bound the wild-type use RNA (Fig. 1C,  lanes 1 and 2) . The RNAs containing 12 pyrimidines (Y 12 ), 12 uridines (U 12 ), or 12 cytidines (C 12 ) in place of the enhancer formed CPSF-RNA complexes comparable to those formed with use (Fig. 1C, lanes 5 to 7) . In contrast, no detectable complex was formed between CPSF and the RNA containing 12 purines within the upstream sequence (Fig. 1C, lane 4) . In keeping with the polyadenylation data, a small but detectable portion of the RNA pool containing the randomized upstream sequence was bound by CPSF (Fig. 1C, lane 3) .
In vitro selection of efficient polyadenylation substrates. The efficient polyadenylation of the Y 12 RNA pool, along with the moderate polyadenylation efficiency of the N 12 RNA pool, suggested that there are a significant number of upstream sequences that can facilitate recognition of the AAUAAA hexamer by CPSF. To further understand how the composition of upstream sequences affects CPSF recognition of the AAU AAA hexamer, we developed an in vitro selection method to isolate RNA molecules that are efficiently polyadenylated from a pool of 16,777,216 ( 4 12 ) sequence variants. The selection procedure is diagrammed in Fig. 2A . A 75-fmol amount of the N 12 RNA pool (each sequence variant is represented ϳ2,700 times) was incubated with purified human CPSF and recombinant bovine PAP for 10 min at 30ЊC to allow for the assembly of polyadenylation complexes. After this preincubation, polyadenylation was initiated by the addition of MgCl 2 and ATP and carried out for 2 min. The polyadenylated RNAs were then selected on oligo(dT), reverse transcribed, PCR amplified, and transcribed to produce a new RNA pool enriched in efficient polyadenylation substrates. The stringency of selection was increased by reducing the concentration of CPSF and raising the KCl concentration in the reaction (as described in Materials and Methods). The highest concentration of KCl used during selection significantly decreased the binding of CPSF to the wild-type HIV-1 RNA and likewise polyadenylation (data not shown). The cloning and sequencing of cDNAs encoding the selected RNAs after four rounds of selection revealed a high degree of heterogeneity in the population. Therefore, four additional rounds of selection were performed. During the eighth and final round of selection, the oligo(dT)-selected RNAs were separated by denaturing polyacrylamide gel electrophoresis. The polyadenylated RNAs were excised and converted to cDNA. This step was introduced to ensure that the selected RNAs were actual polyadenylation substrates and not carried through selection simply by virtue of their affinity for the oligo(dT) beads. The cDNAs encoding the initial and final pool were cloned, and individuals from each pool were sequenced in their entirety.
The sequences between the PCR primer binding sites for
In vitro selection of RNAs containing upstream sequences that facilitate recognition of the AAUAAA hexamer by CPSF. (A) Schematic diagram of the functional in vitro selection technique. An RNA pool in which 12 nt of the HIV-1 3Ј processing enhancer were randomized was incubated with purified CPSF and rPAP for 10 min at 30ЊC. Polyadenylation commenced upon the addition of ATP and MgCl 2 and continued for 2 min. The RNAs were then selected on magnetic oligo(dT) beads, reverse transcribed, and PCR amplified. Transcription with SP6 RNA polymerase yielded a new RNA pool enriched for efficient polyadenylation substrates. The 3Ј primer utilized for reverse transcription was 20 nt in length, whereas the 3Ј primer utilized for PCR was 39 nt in length and extended from the 3Ј end of the RNA to the 3Ј end of TAR. This was necessary to prevent the accumulation of mutations within the region between TAR and the AAUAAA hexamer. Changes in this region have been shown to affect polyadenylation efficiency (14) . After eight rounds of selection, the cDNAs encoding the initial (B) and final (C) pools were cloned and individual clones were sequenced in their entirety. The nucleotide sequence between the primer binding sites for individual clones from the initial and final pools are aligned with the sequence of the starting RNA (-, same nucleotide; F, deleted nucleotide; ٙ, insertion within the TAR element of clone 8.30). The clones are named according to the selection round from which they were derived, and the clone numbers indicate the sequence from each pool (i.e., 0.1 is clone 1 from the initial pool; 8.3 is clone 3 from the final [eighth] pool).
VOL. 16, 1996 POLY(A) SITE RECOGNITION 4945 individual clones from both the initial and final pools are listed in Fig. 2B and C, respectively. Among 30 individual clones sequenced from the final pool, no sequence was represented more than once and no consensus sequence was apparent. In addition, we were unable to group the RNAs into subclasses. Among RNAs analyzed, the nucleotide composition of the randomized region of the initial pool was biased in favor of purines (G, 29%; A, 32%; T, 15%; C, 23% [R, 61%; Y, 38%]), whereas G residues were underrepresented in the final pool (G, 16%; A, 31%; T, 26%; C, 27% [R, 47%; Y, 53%]). A total of 70% of the RNAs cloned from the final pool contained mutations within TAR, whereas only 19% of the RNAs from the initial pool contained such mutations.
Theoretically, the final pool should be enriched in RNAs that are efficient polyadenylation and CPSF binding substrates, whereas RNAs possessing these properties should be underrepresented in the initial pool. To test this, uniformly 32 Plabeled RNAs were synthesized, 20 each from the initial and final pools, and assayed for polyadenylation and CPSF binding. None of the RNAs analyzed from the initial pool were polyadenylated or bound by CPSF as well as the wild-type HIV-1 RNA (Fig. 3A , lanes 1 to 4 and 9 to 28, and B, lanes 1 and 3 to 7; data not shown). However, greater than 80% of the RNAs analyzed from the final pool were both polyadenylated and bound by CPSF as well as the wild-type HIV-1 RNA (Fig. 3A , lanes 1 to 4 and 29 to 48, and B, lanes 1 and 8 to 12; data not shown). Interestingly, although the efficiency of polyadenylation and CPSF binding of most of the RNAs from the final pool was equivalent to that of the wild-type HIV-1 RNA, in no case was an RNA found to be significantly better than the wild type (data not shown). RNAs 8.1, 8.2, 8.3, and 8.4 contain mutations within the TAR element. We corrected these mutations within 8.1, 8.2, and 8.4 and assayed the resulting RNAs for polyadenylation and CPSF binding. There was no observable difference in either polyadenylation efficiency or CPSF binding upon restoring the wild-type TAR sequence of 8.1 and 8.2, suggesting that these are silent mutations that arose during repeated reverse transcription-PCR (data not shown). However, in the case of 8.4, restoration of the correct TAR sequence reduced both polyadenylation and CPSF binding, suggesting that these mutations contributed to the polyadenylation efficiency of this RNA (data not shown).
RNAs selected for function are structurally related. Although the selected RNAs lacked an obvious consensus sequence, the RNAs in the final pool appeared to be structurally related. We observed that the mobility of the unbound RNA in gel mobility shift assays was consistently slower for RNAs that were efficiently polyadenylated than for RNAs that were not (for example, see Fig. 1C and 3B ). Several previous studies have shown that the mobility of RNA in native gels is sensitive to the overall structure of the RNA. The structural features that have been reported to change the electrophoretic behavior of RNA molecules include bends and twists within helices (40, 41) , alterations in the rotational angles included between helices (12), and differences in overall secondary structure (20, 25) . To determine if the observed mobility differences of the selected individuals were representative of the entire RNA pool, we analyzed the behavior of the RNA pools from each round of selection in the absence of protein on a native polyacrylamide gel. Prior to electrophoresis, the RNAs were resuspended in polyadenylation mix (in the absence of MgCl 2 and ATP [see Materials and Methods]), heat denatured at 94ЊC for 2 min, and quick chilled at 0ЊC for 5 min. The initial RNA pool displayed a heterogeneous migration pattern in which the majority migrated as a single band with a smear of RNA toward the top of the gel, which was more evident upon longer expo- (Fig. 4A, lane 1) . Over the course of selection, the gel mobility of the RNA pools decreased to yield a relatively homogeneous population of slowly migrating RNAs (Fig.  4A, lanes 2 to 9) . This pattern of mobility was unaffected by MgCl 2 (data not shown). In contrast to their behavior on native polyacrylamide gels, the RNAs from each round of selection displayed identical mobilities on a denaturing polyacrylamide gel (Fig. 4B, lanes 1 to 9) . It is unlikely that the mobility decrease in native gels was a consequence of intermolecular RNA interactions. The concentration of the RNA in the reaction was ϳ2 nM, and it was subjected to heat denaturation and rapid cooling, conditions that would not favor quantitative dimerization. The mobility of the RNAs was in fact identical regardless of whether the RNAs were heat treated prior to electrophoresis (data not shown). In addition, an RNA that is 278 nt, exactly twice the size of the RNAs used in this study, was included in the gel mobility analysis. As expected, this RNA displayed a migration significantly slower than that of the RNA pools ( Fig. 4A and B, lanes  10 ). The data, therefore, suggest that the shift from a predominantly rapidly migrating population to a more slowly migrating population over the course of selection represents the emergence of an RNA conformation that favored efficient polyadenylation.
To further analyze the structure of the selected RNAs, the single-strand-specific RNase A and RNase T 1 were used to directly probe and compare the structures of 3Ј-end-labeled RNAs from the initial and final pools. RNAs containing the wild-type HIV-1 3Ј processing enhancer (use) or the enhancer substitution mutation (⌬use) were included for comparison. The results are shown in Fig. 5 . RNase T 1 cleaves GpN bonds, while RNase A cleaves YpN bonds with a preference for CpN (especially CpA) bonds (23) . The doublets observed were due to heterogeneity of the RNA 3Ј ends generated by SP6 RNA polymerase.
The nuclease sensitivity profiles demonstrate that there were structural differences among the RNAs analyzed. However, each nuclease revealed a pattern that correlated with function. The accessibility of the guanosine residue immediately 3Ј of the AAUAAA (G 121 ) to RNase T 1 correlated with the efficiency of polyadenylation for each RNA examined. G 121 was accessible to RNase T 1 in RNAs that were efficiently polyadenylated (use, 8.1, and 8.2 [ Fig. 5, lanes 2, 6, and 7] ). In contrast, G 121 was inaccessible to RNase T 1 in the RNAs that were 32 P-3Ј-end-labeled RNA were probed with either 0.1 U of RNase T 1 or 10 pg of RNase A. The RNAs were fractionated on a denaturing 10% polyacrylamide gel and visualized by autoradiography. The doublets observed are due to heterogeneity of the RNA 3Ј ends generated by SP6 RNA polymerase. The identities of the cleavage products were assigned by comparison with the patterns observed with RNase T 1 under denaturing conditions. The identity of the C 40 RNase A cleavage was determined by running the reaction products further to allow for resolution of the large RNA fragments (data not shown). Asterisks, cleavage sites within the TAR element. For RNAs 8.1 and 8.2, these cleavage sites are due to sequence changes within the TAR element. The cleavage sites within TAR in RNA 0.1 appear to arise from upstream sequence-induced conformational changes, since there are no sequence changes within the TAR element.
VOL. 16, 1996 POLY ( Fig. 5, lanes 9, 13, and 14] ). However, RNAs that were not efficiently polyadenylated (⌬use, 0.1, and 0.3 [ Fig. 5,  lanes 10, 11, and 12] ) contained C 40 in a conformation that was inaccessible to RNase A. These results suggest that the accessibility of G 121 to RNase T 1 and of C 40 to RNase A reflects an RNA conformation that facilitates efficient polyadenylation; RNAs lacking these signatures are deficient in polyadenylation, as well as CPSF binding.
RNAs selected for structure are efficient polyadenylation substrates. Analysis of the RNAs selected for efficient polyadenylation suggested that RNA structure may be a key determinant in recognition of the AAUAAA hexamer by CPSF. The slow mobility of the selected RNAs displayed on a native gel provided a means to examine this hypothesis. Since selection for function yielded a structurally related set of RNAs, we hypothesized that the reverse may also hold true, i.e., selection of RNAs related by structure should yield a pool of RNAs possessing upstream sequences that enhance polyadenylation. To test this hypothesis, the N 12 RNA pool was fractionated on a native polyacrylamide gel in the absence of protein and was visualized by autoradiography. RNAs contained in regions of the gel corresponding to the fast and slow mobilities were eluted from the gel and converted into cDNA. RNAs synthesized from these two cDNA pools were analyzed by native and denaturing gel electrophoresis. After a single round of selection, the fast RNA pool displayed a primarily fast mobility on a native polyacrylamide gel (Fig. 6A, lane 2) . In contrast, the slow RNA pool was enriched in RNAs displaying a slower mobility on a native gel (Fig. 6A, lane 3) . As expected, these RNA pools displayed identical mobilities on a denaturing polyacrylamide gel (Fig. 6B, lanes 2 and 3) .
These RNA pools were then tested for polyadenylation efficiency and CPSF binding. As predicted, the fast RNA pool was impaired for both polyadenylation and CPSF binding (Fig.  6C, lanes 9 to 12; Fig. 6D, lane 4) , whereas the slow RNA pool was efficiently polyadenylated and bound by CPSF (Fig. 6C,  lanes 13 to 16; Fig. 6D, lane 5) . These results are consistent with the results obtained from the functional selection and suggest that slow migration in a native gel represents an RNA conformation that facilitates CPSF recognition of the AAU AAA hexamer.
RNase T 1 and RNase A were used to directly examine the structure of the RNAs selected on the basis of gel mobility. The nuclease sensitivity profiles obtained with these RNAs directly paralleled those displayed by the RNAs selected by function. G 121 was accessible to RNase T 1 in the slow RNA pool but was inaccessible in the fast RNA pool (Fig. 7, lanes 3  and 4) . Furthermore, C 40 in the slow RNA pool was accessible to RNase A, whereas in the fast RNA pool, C 40 was inaccessible to RNase A (Fig. 7, lanes 11 and 12) .
To further examine the correlation of structure and function, the RNAs containing the variant upstream sequences used in Fig. 1 were also subjected to probing by RNase T 1 and RNase A. Again, the accessibility of G 121 to RNase T 1 precisely correlated with function. G 121 was accessible to RNase T 1 in the RNAs containing the Y 12 , U 12 , and C 12 upstream sequences (Fig. 7, lanes 6, 7, and 8 ) but was inaccessible to RNase T 1 in the RNA pool containing the R 12 upstream sequences (lane 5). Furthermore, the accessibility of C 40 to RNase A also correlated with the function of the molecules. C 40 was accessible to RNase A in the RNAs containing the Y 12 , U 12 , and C 12 upstream sequences (Fig. 7, lanes 14, 15, and  16 ) but was inaccessible to RNase A in the RNA pool containing the R 12 upstream sequences (lane 13). Taken together, FIG. 6 . RNAs selected on the basis of gel mobility yielded a pool of RNAs that was efficiently polyadenylated. The RNA pool randomized within the 12 nt of the 3Ј processing enhancer was fractionated on a nondenaturing 8% polyacrylamide gel. The RNAs corresponding to the fast and slow mobilities were excised from the gel. The eluted RNAs were reverse transcribed, PCR amplified, and transcribed with SP6 RNA polymerase. The RNAs were analyzed on nondenaturing (A) and denaturing (B) polyacrylamide gels. (C) The slow RNA pool was efficiently polyadenylated. The 32 P-labeled fast and slow RNA pools were incubated with purified CPSF and rPAP under polyadenylation conditions, and aliquots were removed at the times indicated. The reaction products were analyzed on a denaturing 5% polyacrylamide gel. (D) The polyadenylation efficiency of the structurally selected RNA pools correlated with CPSF binding. The selected RNAs, as well as the randomized RNAs, were incubated with purified CPSF, and the RNA-protein complexes were resolved on a nondenaturing 3% polyacrylamide gel.
these results provide evidence for a crucial role of RNA structure in recognition of the AAUAAA hexamer by CPSF.
DISCUSSION
Most poly(A) sites that have been subjected to analysis are known to possess sequences outside the core poly(A) site that enhance the efficiency of 3Ј processing. The ubiquity of 3Ј processing enhancers suggests that they serve a key role in poly(A) site definition. Several 3Ј processing enhancers have been shown to function to stabilize the binding of CPSF at the core poly(A) site and thus facilitate the subsequent assembly of a stable 3Ј processing complex (14, 15, 18) . We have employed in vitro selection to examine the nature of the upstream sequences that facilitate recognition of the AAUAAA hexamer by CPSF in the context of the HIV-1 poly(A) site. Surprisingly, the upstream sequences of the selected RNAs shared no apparent consensus. Rather the selected RNAs appear to adopt a common structural conformation. The emergence of a structurally related set of RNAs as a consequence of selecting for function is supported by the following observations. Over the course of selection, the mobility of the RNAs in a native polyacrylamide gel evolved from a population dominated by rapidly migrating species to a near homogeneous collection of slowly migrating species. The direct correlation of structure with function was confirmed by the enrichment for functional pre-mRNAs upon selection for structure. RNase probing, combined with functional data, suggests that RNAs containing upstream sequences that allow for efficient polyadenylation adopt a structure that displays the AAUAAA hexamer in a context that is favorable for CPSF recognition. Taken together, our results strongly suggest that the structural context of the RNA encompassing the AAUAAA hexamer is a key determinant of poly(A) site recognition by CPSF.
In all cases examined, the accessibility of G 121 to RNase T 1 and C 40 to RNase A correlated with function. The susceptibility of G 121 , the nucleotide immediately 3Ј of the AAUAAA hexamer, and C 40 , which is 2 nt 5Ј of TAR, to nuclease cleavage in RNAs containing functional upstream sequences, in conjunction with the retarded gel mobility, suggests that an extensive open region encompassing the AAUAAA hexamer promotes efficient CPSF interaction. In contrast, the inaccessibility of G 121 to RNase T 1 and of C 40 to RNase A in RNAs containing nonfunctional upstream sequences, along with rapid gel mobility, is most likely indicative of closed structures in which the sequences encompassing the AAUAAA hexamer are sequestered by RNA-RNA interactions. Since the U of the AAUAAA hexamer is accessible to RNase A in both functional and nonfunctional substrates, our data indicate that the structure of the region encompassing the hexamer, and not simply the hexamer itself, is important for CPSF interaction. Polyadenylation efficiency in vivo has previously been shown to be inhibited when the AAUAAA hexamer and the site of endonucleolytic cleavage were deliberately placed within a potential double-stranded RNA structure (17) . Moreover, DNA oligonucleotides complementary to the AAUAAA hexamer inhibited the formation of 3Ј processing complexes and endonucleolytic cleavage in vitro (49) . These results, together with our data, indicate that the structure of the RNA encompassing the core elements of a poly(A) site is critical for their recognition by the 3Ј processing machinery.
It should be noted that each of the RNAs analyzed possessed the RNA stem-loop structure of TAR. However, it has been previously shown that the removal of the TAR element does not significantly impact the efficiency of the HIV-1 poly(A) site in vitro (13) . Sequences within U3 retained their ability to enhance processing at the HIV-1 poly(A) site in the absence of the TAR RNA stem-loop. Furthermore, the nuclease probing data presented here detected no structural differences between functional and nonfunctional RNAs within the sequences encompassing the TAR RNA stem-loop.
The interaction of CPSF with the AAUAAA hexamer has been studied in considerable detail. All possible single point mutations within the AAUAAA hexamer greatly reduced polyadenylation in vitro (37) . Additionally, RNAs containing 2Ј-O-CH 3 groups at single riboses within the AAUAAA hexamer impaired polyadenylation and CPSF binding (2, 48 ). An AAU AAA-containing RNA substrate as short as 11 nt was found to be sufficient to direct polyadenylation and CPSF binding (48) . Modification interference experiments, under conditions in which modifications occur on average only once per RNA, demonstrated that each base of the AAUAAA hexamer is contacted by CPSF; no other single nucleotide modification affected CPSF binding (10, 22) . These experiments suggested that the hexamer was virtually sufficient for CPSF binding and polyadenylation. However, the 11-nt RNA used by Wigley et al. (48) is unlikely to be highly structured. Furthermore, the modification of a single nucleotide in the regions flanking the AAUAAA hexamer is unlikely to have a significant impact on the overall structure of the RNA.
Our selection strategy was designed to probe the impact of upstream sequences on the functional interaction of CPSF with a precleaved RNA. Having selected sequences that enhance poly(A) addition, we then asked if these sequences also served to enhance the initial endonucleolytic cleavage of the RNA. The selected RNAs were synthesized in a form contain- ing the HIV-1 downstream element and were incubated in HeLa cell nuclear extract to assay for cleavage. The upstream sequences selected on the basis of polyadenylation efficiency in the context of a precleaved RNA varied considerably in their impact on cleavage efficiency (data not shown). However, the addition of the downstream element would be expected to alter the structure of the RNA. In fact, the binding of CPSF to several of the selected RNAs was greatly reduced upon the addition of the downstream sequences (data not shown). It is, therefore, likely that the large array of upstream sequences that we found to enhance the polyadenylation efficiency of a precleaved HIV-1 RNA was largely due to the relative simplicity of the polyadenylation reaction and the small size of the RNA substrate. The additional sequence context of the cleavage substrates narrows the range of possible sequences that may function to enhance the first step of the 3Ј processing reaction. In vitro selection experiments designed to identify sequences that enhance the cleavage reaction are currently in progress.
It has been estimated that 16% of all human mRNAs contain AAUAAA within the coding sequence (11) . A survey of the human dystrophin mRNA (24) revealed 11 AAUAAA hexamers within the 13,957-bp cDNA sequence. Ten of these hexamers reside near potential downstream elements (7, 8) . How, then, are such sites bypassed? We suggest that one mechanism by which potential internal poly(A) sites may be silenced is that the sequences surrounding AAUAAA hexamers within the body of the message serve to restrict the accessibility of the hexamer to the 3Ј processing machinery and thereby prevent inadvertent 3Ј processing. We are currently investigating the potential role of such RNA structures in poly(A) site selection within the dystrophin pre-mRNA.
In conclusion, our results suggest that RNA structure plays a key role in the initial interaction of CPSF with the poly(A) site. In the absence of extensive sequence conservation among mammalian poly(A) sites, information that contributes to the definition of authentic poly(A) sites may, therefore, be contained in the form of RNA structure.
